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ABSTRACT 
Gadolinium-I53 decays by e l e c t r o n  capture,  y i e l d i n g  
predominant ly -1OekeV gammas. Produc t ion  methods, 
chemical p u r i f i c a t i o n ,  and o u t p u t  and gamma spectrum 
c h a r a c t e r i s t i c s  o f  f a b r i c a t e d  sources have been 
s t u d i e d  i n  d e t a i l  t o  o b t a i n  data necessary f o r  fab- 
r i c a t i o n  of sources use fu l  i n  t h e  development o f  
atmospheric dens i t y  gages based on gamma backsca t te r  
measurements. 
INTRODUCTION 
The de te rm ina t ion  of  atmospheric dens i t y  b use of  gamma backsca t te r  has 
been s t u d i e d  by a number of  inves t iga tors . '  Whi le techniques f o r  mea- 
s u r i n g  gamma backsca t te r  f rom s o l i d s  and gases have been demonstrated, 
a p p l i c a t i o n  of  t h e  p r i n c i p l e  t o  s p e c i f i c  problems r e q u i r e s  t h e  use of 
gamma sources t h a t  have s p e c i f i c  gamma energy spec t ra  and o u t p u t  i n ten -  
s i t y  c r i t i c a l l y  matched t o  t h e  requirements o f  t h e  measurement t o  be 
obtained. I n  t h e  case o f  atmospheric dens i t y  measurements, it has been 
c a l c u l a t e d  and exper imen ta l l y  determined t h a t  t h e  gamma s c a t t e r  i n  a i r  
from a source o f  100-keV photons i s  r e l a t e d  t o  t h e  a i r  dens i t y  and thus  
prov ides  an instantaneous readout o f  dens i t y  by measuring t h e  s c a t t e r  
i n t e n s i t y .  Such a system appears t o  be adaptable t o  t h e  measurement of  
atmosphere on o t h e r  p lane ts  by pass ing  a probe through t h e  atmosphere. 
A study funded by NASA, Langley a t  Hampton, V i r g i n i a ,  was i n i t i a t e d  t o  
i d e n t i f y  rad ionuc l i des  use fu l  i n  atmospheric measuring devices and evalu- 
a t e  p roduc t i on  methods necessary t o  o b t a i n  s u f f i c i e n t  q u a n t i t i e s  f o r  a 
Mars probe, as w e l l  as t o  eva lua te  source f a b r i c a t i o n  methods and tech- 
niques f o r  c a l i b r a t i o n  of t h e  sources. 
I n  a study t o  determine t h e  optimum source of  100-keV photons fo r  use i n  
genera t i ng  backsca t te r  s igna ls ,  21 rad ionuc l i des  were evaluated. Those 
rad ionuc l i des  hav ing  h igh  energy components i n  t h e i r  r a d i a t i o n s  make it 
I N .  W. Gebbie, F i n a l  Report  - Mars Probe Lander Dens i ty  Sensing System, 
NASA CR-66094 tkebruary  I Y ~ ~ I .  
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necessary t o  increase t h e  source s h i e l d  weights r e q u i r e d  t o  a t t e n u a t e  
d i r e c t  r a d i a t i o n  from t h e  source t o  t h e  de tec to r .  O f  t h i s  group o n l y  
three,  153Gd, 57C0 and 155Eu, warranted in-depth s t u d  
as t h e  b e s t  from t h e  s t a n d p o i n t  o f  cost, energy char  
I i fe, and ou tpu t .  Th i s  i s  i n  agreement w i t h  e a r l  i e r  s t u d i e s 1  t h a t  i n d i c a t e  
153Gd t o  be use fu l  i n  atmospheric d e n s i t y  measurements by gamma back- 
s c a t t e r .  Since t h e  q u a n t i t y  and radiochemical  p u r i t y  of  t h e  r a d i o n u c l i d e  
requ i red  were much g r e a t e r  t han  those p r e v i o u s l y  obtained, development o f  
methods t o  produce m u l t i c u r i e  q u a n t i t i e s  c o n t a i n i n g  o n l y  a few ppm rad io -  
chemical contaminat ion and t o  determine t i m e  c y c l e s  and cos ts  associated 
w i t h  la rge  q u a n t i t y  p roduc t i on  was s t a r t e d .  T h i s  r e p o r t  i s  a summary o f  
t h e  r e s u l t s  o f  t h i s  development f o r  t h e  p e r i o d  March 1967 through December 
1968. 
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Gadolinium-I53 decays by e l e c t r o n  capture w i t h  a h a l f - l i f e  o f  241 days.2 
The gamma energ ies and pe rcen t  y i e l d  a r e  shown below: 
Gamma Energies 
( keV 1 Percentage 
A gamma spectrum which was 
F ig.  I .  
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obta ined w i t h  a germanium d iode i s  shown i n  
3 
Produc t ion  o f  Gadolinium-153 from Enr iched Gadolinium-152 
Cross-Sect ion Measurements. 
G i  ann i n i Contro I s Corpora t ion  i n prev i ous work1 i nvo I ved comp I e t e  conver- 
s i o n  of  152Gd (gado l in ium enr iched t o  13% 152Gd) i n t o  153Gd b 
bombardment. 
neutrons d u r i n g  i r r a d i a t i o n  ( t a r g e t  burnup). The f i r s t  t a s k  o f  t h e  ORNL 
work invo lved measurements o f  thermal neutron c ross  s e c t i o n s  and resonance 
i n t e g r a l s  f o r  152Gd and 153Gd. Target  samples c o n s i s t i n g  o f  50 vg t o  3 mg 
o f  GdzO3 w i t h  f l u x  mon i to rs  were i r r a d i a t e d  i n  t h e  Oak Ridge Research 
Reactor (ORR). S i m i l a r  samples enclosed i n  cadmium were a l s o  i r r a d i a t e d .  
A f t e r  i r r a d i a t i o n ,  t h e  samples were analyzed by mass spect rometry  and by 
gamma-ray spectrometry.  Resonance i n t e g r a l s  were computed from i s o t o p i c  
changes i n  cadmium-enclosed t a r g e t s ,  w h i l e  e f f e c t i v e  c ross  s e c t i o n s  were 
computed from changes i n  t h e  unshie lded t a r g e t s .  Thermal c ross  s e c t i o n s  
were determined by c o r r e c t i n g  t h e  e f f e c t i v e  c ross  s e c t i o n s  fo r  t h e  ep i -  
therma I r e a c t  i on component. 
The thermal neutron c ross  s e c t i o n  determined fo r  152Gd, shown below, i s  i n  
good agreement w i t h  pub I i shed va I ues : 
A 153Gd p r o d u c t i o n  scheme suggested by 
neutron 
However, no a l lowance was made f o r  r e a c t i o n  of Y53Gd w i t h  
2Gd 153Gd 
Thermal c ross  sec t ion ,  barns 120 -10,000 
Resonance i n t e g r a  I ,  barns 12,000 -1,000,000 
E f f e c t i v e  c ross  s e c t i o n  
i n  ORR, barns 700 27,000 
Gadolinium-153 was found t o  have a r a t h e r  h i g h  thermal neutron c ross  
s e c t i o n  and an ext remely h i g h  resonance i n t e g r a l .  
The maximum o b t a i n a b l e  s p e c i f i c  a c t i v i t y  i s  approximated by t h e  r e l a t i o n -  
s h i p  
" 152 
max ("153 5 ' ( S I  
where 
= s p e c i f i c  a c t i v i t y  o f  pure  153Gd, 
= c ross  s e c t i o n  of  152Gd, 
= c ross  s e c t i o n  of  153Gd. 
I53  
I 5 2  
O153 
0 
Thus, a l though pure  153Gd has a s p e c i f i c  a c t i v i t y  of 3500 Ci/g, on1 about 
2.5% o f  t h i s  value, o r  roughly  90 Ci/g, can be a t t a i n e d  u s i n g  pure K52Gd 
t a r g e t s .  More p r e c i s e  c a l c u l a t i o n s  i n d i c a t e  t h e  maximum s p e c i f i c  a c t i v i t y  
a t t a i n a b l e  i n  t h e  ORR t o  be 78 C i  of  153Gd p e r  gram o f  152Gd. 
thermal c ross  s e c t i o n  r a t i o  (152Gd:153Gd) and t h e  resonance i n t e g r a l  r a t i o  
a r e  of t h e  o r d e r  of T h i s  s i m i l a r i t y  of  resonance and thermal cross 
Both t h e  
3R. W. Stoughton and J .  Halper in ,  Nucl. Sci. Eng. 6, 100-118 (1959). 
4Nuclear Data Sheets, 1959-1965, p 1491. 
4 
s e c t i o n  r a t i o s  i n d i c a t e s  t h a t  no s i g n i f i c a n t  advantage w i l l  r e s u l t  from use 
o f  a neutron f l u x  t h a t  i s  d i f f e r e n t l y  moderated. Therefore, o t h e r  r e a c t o r s  
w i l l  n o t  produce a s i g n i f i c a n t l y  h i g h e r  s p e c i f i c  a c t i v i t y  t han  t h a t  ob- 
t a i n e d  us ing t h e  ORR. P roduc t i on  curves a t  d i f f e r e n t  f l u x e s  a r e  shown i n  
F ig .  2. 
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Fig.  2. Y i e l d s  of 153Gd from 152Gd Target.  
Large Samp I e I r r a d  i a t  i ons. Three 330-mg t a r g e t s  conta i n i ng 13.5% 152Gd 
(Table I )  were i r r a d i a t e d  i n  t h e  ORR f o r  37, 56, and 93 days. Th is  t a r g e t  
s i z e  i s  comparable t o  t h a t  o f  t a r g e t s  which would be used i n  p roduc t i on  
runs. Therefore,  t h e  r e s u l t s  of these experiments a r e  r e a l i s t i c  est imates 
o f  ac tua l  p roduc t i on  y i e l d s .  
Table I .  Mass Ana lys i s  o f  Enr iched 152Gd Targets 
I sotope Percent Abundance Therma I Neutron 
Mass No. Natura I Enr iched Cross Sec t ion  (barns)  
I52  0.20 13.5 120 
I54 2. I 5  7.06 
I55 14.73 23.77 58,000 
I56 20.47 20.97 
157 15.68 I I .52 240,000 
I58 24.87 13.96 3.4 
I60 21.90 9. I 8  0.8 
5 
The presence o f  155Gd and 157Gd, each hav ing l a r g e  thermal c ross  sect ions,  
causes severe f l u x  depress ion d u r i n g  t h e  e a r l y  stages of  i r r a d i a t i o n  which 
delays t h e  t i m e  o f  maximum y i e l d  and reduces t h e  maximum y i e l d .  
t h e  l a r g e  t a r g e t s  were mixed w i t h  aluminum t o  increase t h e i r  volume and 
min imize  t h e  e f f e c t s  o f  f l u x  depression. Computed and exper imental  y i e l d s  
a r e  shown i n  Table 2. 
Therefore,  
Table 2. Y i e l d  of  153Gd from Enriched 152Gd I r r a d i a t i o n  
Exper imental  
I r r a d  i a t  i on F I  ux Y i e l d  of 153Gd Comouted Y i e l d  
Time (days) (n/cm2/sec) C i / g  of  Gd C i /g  of lszGd ( C i i g  o f  152Gd) 
37 2.48 1014 7.45 55 54 
56 2.88 x 1014 3.56 26 35 
93 2.67 x 1014 2.42 18 21 
A l l  t h r e e  exDerimental i r r a d i a t i o n  t imes exceeded t h e  oDtimum. I r r a d i a -  
t i o n  fo r  15 t o  20 days w i l l  y i e l d  a t  l e a s t  65 C i  o f  153Gd p e r  gram o f  
152Gd. 
I mpuri t i es. 
a ted  for  56 and 93 da s. 
r e s p e c t i v e l y .  Eurpium-156 has a r e l a t i v e l y  s h o r t  (15-day) h a l f - l i f e  and 
can be r e a d i l y  removed from gadol in ium. Thus, it poses no g r e a t  problem. 
Terbium-I60 ( h a l f - l i f e  72 days) does c r e a t e  a problem. I n  t h e  93-day 
i r r a d i a t i o n ,  0.1 C i  o f  16'Tb p e r  c u r i e  of  153Gd was produced. 
puted 160Tb:153Gd r a t i o  f o r  20-day i r r a d i a t i o n  of 13% 152Gd a t  2 x 
neutrons/cm2/sec i s  2.3 x C i / C i  (see Appendix A ) .  Use o f  more h i g h l y  
enr iched t a r g e t s  would lower t h e  i m p u r i t y  l eve l  somewhat, b u t  chemical 
p u r i f i c a t i o n  would s t i l l  be necessary. Terbium-gadolinium separa t ions  a r e  
d i f f i c u l t ,  and decontaminat ion f a c t o r s  a r e  expected t o  be low. 
The overa l  I p r o d u c t i o n  of 153Gd from enr iched 152Gd and t h e  p r o d u c t i o n  o f  
t h e  major  contaminants a r e  summarized i n  t h e  f o l l o w i n g  schemes: 
Europ i um- I56 and 160Tb were observed i n t h e  samp I es i r r a d  i - 
These presumably were produced b t h e  r e a c t i o n s  
156Gd(n,p)156E~ and 1 8Gd(n,y)159Gd -+ (18-h 6- decay) -+ l 5  x Tb(n,y) lG0Tb 
The com- 
*ORR e f f e c t i v e  c ross  s e c t i o n s  
A l t e r n a t i v e  Produc t ion  Method 
Gadol in ium-I53 can a l s o  be produced by neutron bombardment of  151Eu. 
r e a c t i o n  sequence i s  
The 
e- 151Eu (n,y ) 152Eu -> 152Gd (n,y) 153Gd 9.3  h 
The computed maximum y i e l d  i n  a f l u x  of  2 x 
17.6 C i  p e r  gram o f  151Eu (see Appendix B ) .  I f  n a t u r a l  europium (47.82% 
l 5 I E u )  i s  used, t h e  y i e l d  i s  c a l c u l a t e d  t o  be 8.5 C i  of  153Gd p e r  
t a r g e t .  I r r a d  i a t  i on o f  na tura  I europ i um a 1 so produces I ong- I i ved Q 5 2 E ~  
and 154Eu, which must be separated from gadol in ium. 
computed s p e c i f i c  a c t i v i t y  o f  153Gd i s  78 C i  p e r  gram o f  gadol in ium. 
neutrons/cm2/sec i s  
ram of 
A f t e r  separat ion,  t h e  
Since l a r g e  q u a n t i t i e s  of  152Eu and 154Eu a r e  produced, europium must be 
chemical l y  separated from t h e  153Gd. Two separa t ion  methods, c o p r e c i p i -  
t a t i o n  and e lec t rochemica l ,  were i n v e s t i g a t e d .  The c o p r e c i p i t a t i o n  tech- 
nique, which c o n s i s t s  o f  reducing t h e  E d 3  t o  E u + ~  w i t h  a Jones reduc tor  
and c o p r e c i p i t a t i n g  t h e  E u + ~  w i t h  S r + 2  as t h e  s u l f a t e ,  does n o t  adequately 
separate europium from gadol in ium. An 80% separa t ion  was t h e  b e s t  t h a t  
cou ld  be obta ined.  The e lec t rochemica l  technique has proved t o  be much 
b e t t e r  than t h e  c o p r e c i p i t a t i o n  technique, and a separa t ion  f a c t o r  as h i g h  
as 2000 has been ob ta ined i n  t h e  labora tory .  The system i s  s imp le  and 
r e q u i r e s  very l i t t l e  equipment ( F i g .  3 ) .  
Fig.  3. Shie lded C e l l  f o r  153Gd P u r i f i c a t i o n s .  
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The r a r e  e a r t h  i s  d i sso l ved  and converted t o  an aceta te ,  which i s  mixed 
w i t h  a sa tu ra ted  s o l u t i o n  o f  c i t r i c  a c i d  and ad jus ted  t o  pH I O  w i t h  LiOH. 
Th is  s o l u t i o n  i s  added t o  a beaker c o n t a i n i n g  mercury. Contac t  t o  t h e  
mercury cathode i s  made w i t h  a p l a t i n u m  w i r e  passed through a g lass  tube 
i n  such a manner t h a t  s o l u t i o n  does n o t  come i n  c o n t a c t  w i t h  t h e  w i re .  A 
p i e c e  o f  p l a t i n u m  f o i l ,  3 t o  5 cm2 i n  area, i s  used as t h e  anode. A cur-  
r e n t  d e n s i t y  o f  - 2  ma/cm2 i s  a p p l i e d  f o r  3 t o  5 h r  d u r i n g  e l e c t r o l y s i s ,  t h e  
europium i s  deposi ted i n  t h e  Li-Hg amalgam, and t h e  gado l in ium remains i n  
s o l u t i o n .  The e l e c t r o l y s i s  s o l u t i o n  i s  decanted and a c i d i f i e d  t o  -pH I 
w i t h  HN03 ac id .  A f t e r  t h e  gado l in ium i s  p r e c i p i t a t e d  w i t h  ammonium oxa- 
l a t e  and f i r e d  t o  t h e  oxide, it i s  ready t o  be recyc led  th rough a second 
p u r i f i c a t i o n .  To o b t a i n  t h e  r e q u i r e d  radiochemical  p u r i t y  f o u r  recyc les  
a r e  necessary. T h i s  techn ique has been app 1 i e d  t o  a 100-Ci ba tch  of  153Gd, 
and a f t e r  f o u r  separa t ions  t h e  153Gd con ta ins  on1 I 9  p m radiochemical*  
n o t  p resen t  i n  t h e  p roduc t  as would be t h e  case i f  t h e  heav ie r  isotopes o f  
gado l in ium were present .  
t am ina t ion  problem t h a t  one encounters i f  enr iched 152Gd i s  i r r a d i a t e d .  
Th is  p roduc t i on  techn ique i s  summarized i n  t h e  f o l l o w i n g  scheme: 
i m p u r i t i e s .  Since o n l y  152Gd i s  produced from l 5  h t  Eu, 6Eu and l soTb  a r e  
Therefore, t h e  use of 151Eu e l  im ina tes  t h e  con- 
ALTERNATIVE ISOTOPES 
I n i t i a l  Eva lua t i on  
I n  coopera t i on  w i t h  Research T r i a n g l e  I n s t i t u t e ,  ORNL has reviewed p o s s i b l e  
a l t e r n a t i v e s  f o r  153Gd i n  t h e  Mars Atmosphere Dens i ty  Probe source. 
Research T r i a n  l e  I n s t i t u t e  se lec ted  t h e  f o l l o w i n  n u c l i d e s  f o r  f u r t h e r  
s tudy :  57Co, glmNb, lolRh, 151Gd, 168Tm, 173Lu, Q74Lu, lg5Au, 97mTc, 93Mo, 
113mCd, 188W, 139Ce, 123mTe, 125Te, 127mTe, l7OTm, 1 5 5 E ~ ,  and lo9Cd. The 
f i r s t  e i g h t  nuc l i des  a r e  neut ron  d e f i c i e n t  and can be produced o n l y  by 
cha rged-pa r t i c l e  reac t i ons .  
c i e n t  q u a n t i t y  t o  war ran t  f u r t h e r  cons ide ra t i on .  
n u c l i d e s  can be e l i m i n a t e d  f o r  t h e  f o l l o w i n g  reasons: 
O f  these, o n l y  57C0 can be produced i n  s u f f i -  
Most of  t h e  remaining 
Technetium-97m migh t  be produced by t h e  r e a c t i o n  s e r i e s  
EC 96Ru(n,y)97Ru --+ 97Tc 
However, o n l y  0.04% o f  97Ru decays t o  t h e  des i red  isomer ic  s t a t e .  
g7mTc s p e c i f i c  a c t i v i t y  would be t o o  low. 
The 
roduc t  wou I d  c o n t a i n  a l a rge  amount of  2.6-mi I I ion-year 97Tc and t h e  
~~ 
* I 9  C i  of  o t h e r  r a d i o n u c l i d e s  p e r  I O 6  C i  153Gd. 
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Molybdenum-93 has a repo r ted  h a l f - l i f e  of about 10,000 y; thus, t h e  
s p e c i f i c  a c t i v i t y  o f  t h e  pure i so tope  i s  about 0.4 Ci/g. 
Cadmium-I 13m has a 14-y h a l f - I  i f e  and o n l y  O . l $  y i e l d  of t h e  des i red  
gamma-ray. The maximum gamma a c t i v i t y  i s  about 2 Ci /g.  
Tungsten- I88 decays t o  sho r t -  I i ved 188Re, which emi t s  h i gh-energy gamma 
photons . 
Cerium-I39 cou ld  n o t  be produced f r e e  of  141Ce and I 4 k e .  
The t h r e e  isotopes o f  t e l l u r i u m ,  123mTeJ 125Te, and 127mTeJ cou ld  be pro- 
duced as a complex mixture;  however, an encapsulated source c o n s i s t i n g  o f  
t h i s  m a t e r i a l  would be extremely d i f f i c u l t  t o  c a l i b r a t e .  
Thulium-170 has o n l y  a 3% y i e l d  of u s e f u l  photons. 
p a r t i c l e s  up t o  I MeV i n  energy. The r e s u l t a n t  bremsstrahlung r a d i a t i o n  
e l i m i n a t e s  t h i s  i so tope  from f u r t h e r  cons ide ra t i on .  
I t  a l s o  emi ts  beta 
Records o f  l o 9 C d  p roduc t i on  show t h a t  t h e  h i g h e s t  s p e c i f i c  a c t i v i t y  
p r e v i o u s l y  a t t a i n e d  was on1 3 Ci /g .  Furthermore, t h e  y i e l d  o f  use fu l  
photons i s  o n l y  4%. Only Y Co and 155Eu remain from t h e  o r i g i n a l  l i s t .  
Cobalt-57 P roduc t i on  F e a s i b i l i t v  
Cobalt-57 can be produced i n  t h e  ORNL 86-Inch Cyc lo t ron  a t  about 25 
mCi/beam-hr. Since t h e  Mars Atmosphere Densi ty  Sensor source would re -  
q u i r e  50 C i  upon d e l i v e r y ,  about 2300 hr ,  o r  94 days, o f  cont inuous beam 
t ime  would be needed. 
Smal I q u a n t i t i e s  o f  65Zn a r e  p resen t  i n  cyclotron-produced 57C0 b u t  t h i s  
i m p u r i t y  can e a s i l y  be removed. 
0.2% y i e l d  (see Appendix C ) .  
Densi ty  Sensor d e t e c t o r  from t h i s  r a d i a t i o n  may exceed acceptable weight  
I i r n i t ~ . ~  
Cobalt-57 emi ts  a 700-keV photon w i t h  
S h i e l d i n g  t o  p r o t e c t  t h e  Mars Atmosphere 
Europium-I55 P roduc t i on  F e a s i b i l i t y  
The b e s t  method f o r  producing 155Eu invo lves  i r r a d i a t i o n  of enr iched 
154Sm (see Appendix D f o r  nuc lea r  p r o p e r t i e s ) :  
154Sm(n,y)155Sm ~ m -  8- 1 5 5 E ~  
5R. L. Ely,  Op t im iza t i on  Study o f  t h e  Gamma-Ray S c a t t e r i n g  Technique f o r  
Measuring Atmosphere Densi ty,  Source Study Report, Task 4, Contract  
Number NASI-7046, Research T r i a n g l e  I n s t i t u t e  (1967). 
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The most s e r i o u s  drawback t o  t h i s  scheme i s  t h e  s imultaneous p r o d u c t i o n  of 
154Eu : 
152Sm( n,y ) 153Sm m> e- 153Eu (n,y ) l 5 4 E ~  
Since t h e  s a t u r a t i o n  y i e l d  o f  155Eu i s  o n l y  0.5 C i  p e r  gram o f  154Sm (see 
Appendix E), chemical separa t ion  o f  europium from t h e  t a r g e t  and t a r g e t  re- 
c y c l i n g  would be necessary. 
1 .  i r r a d i  a t e  enr iched 154Sm, 
2. 
3. separate europium from samarium, 
4. r e i r r a d i a t e  samarium, 
5. a l l o w  15-d lS6Eu i n  europium f r a c t i o n  t o  decay, 
6. combine subsequent europium f r a c t i o n s ,  
7. f a b r i c a t e  source. 
The p r o d u c t i o n  sequence would be t h e  f o l l o w i n g :  
a l l o w  47-h 153Sm t o  decay, 
The r a t i o  of  154Eu:155Eu can be minimized by use o f  t a r g e t s  w i t h  low 
152Sm: 154Sm r a t i o ,  s h o r t  i r r a d i a t i o n  t ime, and f r e q u e n t  t a r g e t  reprocess- 
i ng t o  remove 153Eu (see Appendix F )  . 
Enriched 154Sm c o n t a i n i n g  98.5% 154Sm and 0.5 t o  1.25% 152Sm i s  expected 
t o  be avai  l a b l e .  I r r a d i a t i o n  o f  t h i s  m a t e r i a l  a t  2 x I O l 4  neutrons/cm2/sec 
f o r  2 da s should y i e l d  0.17 C i  of  1 5 5 E ~  p e r  The com- 
i r r a d i a t i o n  t imes would y i e l d  a lower 154Eu:155Eu r a t i o ,  t h e  y i e l d  o f  1 5 5 E ~  
would be i m p r a c t i c a b l y  low. 
ram o f  samarium. 
puted 1 5 k ~ : 1 5 5 E u  r a t i o  would be 3 t o  8 x IO-  z C i / C i .  Al though s h o r t e r  
Chemi ca I Separat ions 
Two of t h e  above p r o d u c t i o n  methods r e q u i r e  separa t ion  o f  ad jacent  lantha- 
n i d e  elements. Producing 155Eu from enr iched 154Sm r e q u i r e s  Sm-Eu separa- 
t i o n .  Al though ion-exchange chromatography can be used t o  separate 
ad jacent  lanthanides, t h e  procedures a r e  ted ious .  Also, t h i s  method does 
n o t  p r o v i d e  adequate removal of t r a c e s  o f  one element from l a r g e  q u a n t i t i e s  
o f  t h e  ad jacent  element. 
ments i s  s u f f i c i e n t l y  d i f f e r e n t  t o  a l l o w  use o f  o t h e r  methods. Two 
methods were t e s t e d :  
Furthermore, t h e  chemis t ry  of these t h r e e  e l e -  
c o p r e c i p i t a t i o n  and e lec t rochemica l .  
C o p r e c i p i t a t i o n  Method. The Eu-Sm (Eu-Gd) m i x t u r e  i s  d i s s o l v e d  i n  d i l u t e  
h y d r o c h l o r i c  a c i d  s o l u t i o n  c o n t a i n i n g  Sr2+.  T h i s  s o l u t i o n  i s  passed 
through a column of  amalgamated z i n c  (Jones r e d u c t o r )  i n t o  s u l f u r i c  a c i d  
s o l u t i o n .  I n  t h e  column E u ( l I I )  i s  reduced t o  E u ( l I ) ,  which c o p r e c i p i t a t e s  
w i t h  S r S 0 4  upon e n t e r i n g  t h e  s u l f u r i c  a c i d  s o l u t i o n .  Samarium (gadol in ium) 
does n o t  p r e c i p i t a t e  under these c o n d i t i o n s .  Because t h e  b e s t  recovery 
a t t a i n e d  fo r  europium was o n l y  80% per  cyc le ,  t h e  method was abandoned. 
IO 
Elect rochemical  Method.6 
e l e c t r o l y s i s  o f  europium a t  a l i t h i u m  amalgam e l e c t r o d e  from l i t h i u m -  
The bes t  separa t i on  method we have found invo lves  
ace ta te - i  i t h i u m  c i t r a t e  s o l u t i o n .  The Eu:Sm r a t i o  i n  
c y c l e  i s  about 100 t imes t h e  Eu:Sm r a t i o  i n  t h e  s t a r t  
degree o f  separa t i on  i s  adequate f o r  recove r ing  155Eu 
15%m t a r g e t s .  
SOURCE FABRICATION 
t h e  product  of  one 
ng s o l u t i o n .  T h i s  
from i r r a d  i a ted  
S p e c i f i c  A c t i v i t y  and Source Output. 
area i s  a f u n c t i o n  o f  s p e c i f i c  a c t i v i t y  and t o t a l  a c t i v i t y .  Where t h e  
area i s  l i m i t e d  and t h e  s p e c i f i c  a c t i v i t y  i s  low, s e l f - a b s o r p t i o n  at tenu-  
a tes  ou tpu t .  
source a c t i v i t y  i s  g iven by 
Output from a f a t  source o f  a g i ven  
For t h e  o u t p u t  o f  monoenergetic pr imary photons t h e  requ i red  
where 
A = requ i red  source input ,  i n  C i ,  
S = s p e c i f i c  a c t i v i t y ,  Ci /g,  
R = source area, cm2, 
Y = f r a c t i o n a l  y i e l d  o f  use fu l  photons, 
1.1 = mass abso rp t i on  c o e f f i c i e n t ,  cm2/g, 
i = requ i red  output ,  expressed as "gamma cur ies. "  
The requ i red  o u t p u t  o f  t h e  Mars Atmosphere Densi ty  Sensor source i s  20 
gamma c u r i e s  o r  7.4 x 10l1 photons/sec a t  Mars, and t h e  proposed area i s  
10 cm2 ( r e f .  I ) .  For t h i s  source, s p e c i f i c  a c t i v i t y  i s  c r i t i c a l l y  impor- 
t a n t  i n  t h e  range o f  20 t o  50 Ci/g.  A t  lower s p e c i f i c  a c t i v i t y ,  s e l f -  
abso rp t i on  makes it impossible t o  a t t a i n  t h e  r e q u i r e d  output ;  a t  h i g h e r  
s p e c i f i c  a c t i v i t y  s e l f - a b s o r p t i o n  w i l l  be s l i g h t  (see F i g .  4 ) .  
The s p e c i f i c  a c t i v i t y  o f  153Gd produced from c u r r e n t l y  avai  l a b l e  152Gd 
enr iched t o  13.5% w i l l  n o t  be h i g h  enough f o r  use i n  t h e  Mars Atmosphere 
Densi ty  Sensor. Whi l e  a I i m i t e d  q u a n t i t y  o f  more h i g h l y  enr iched 152Gd i s  
a v a i l a b l e  from which approximately 130 C i  o f  153Gd a t  23 C i /g  s p e c i f i c  ac- 
t i v i t y  cou ld  be produced, t h e  o u t p u t  o f  t h e  r e s u l t a n t  source would be o n l y  
15 gamma c u r i e s  a t  Mars. No al lowance has been made f o r  losses d u r i n g  
chemical process ing o r  source f a b r i c a t i o n .  Therefore, we do n o t  b e l i e v e  
t h a t  p roduc t i on  o f  153Gd from enr iched 152Gd c u r r e n t l y  avai  l a b l e  i s  f e a s i -  
b l e  f o r  t h e  Mars Atmosphere Densi ty  Sensor. To v e r i f y  t h e  v a l i d i t y  o f  t h e  
source o u t p u t  c a l c u l a t i o n s ,  f i v e  smal I sources of 153Gd were prepared and 
t h e  gamma ou tpu ts  measured w i t h  a 3- by 3- in .  Nal c r  s t a l .  These sources 
conta ined t h e  same q u a n t i t y  of ra re -ea r th  o x i d e  and y53GdJ b u t  t h e  source 
area was v a r i e d  f rom IO t o  18 cm2. The r e s u l t s  o f  t h i s  study ( F i g .  5 )  
i n d i c a t e  good agreement, 3 t o  13% dev ia t i on ,  between c a l c u l a t e d  and mea- 
sured outputs .  The photopeaks were assumed t o  be 100 keV (two photopeaks 
e x i s t ,  one a t  97.43 keV and one a t  103.18 keV), and an abso rp t i on  c o e f f i -  
c i e n t  of  3.08 cm2/g was used f o r  gadol in ium and 0.155 cm2/g used for  02. 
6E. I .  Onstot t ,  J .  Amer. Chem. SOC. 77, 2129-32 (1955); 78, 2027-76 (1956). 
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Fig. 5. Comparison of Measured and Calculated Gamma Output 
from Flat Plate lS3Gd Sources. 
Fig .  6. F l a t  P l a t e  153Gd Source and Sh ie ld .  
Source Capsule. The source capsule f o r  use i n  t h e  Mars Atmosphere Densi ty  
Sensor gage i s  t ype  304 s t a i n l e s s  s t e e l  w i t h  a wa l l  t h i ckness  o f  0.010 in .  
The o u t e r  dimensions a r e  4 5/16 in .  long, 0.415 in .  wide, and 0.105 i n .  
t h i c k .  A 3/8- in.  p l u g  i s  welded i n  each end f o r  c losu res  (see F ig.  6 ) .  
I -  and 5-Ci Sources. Two sources have been f a b r i c a t e d  and shipped t o  t h e  
Nat ional  Aeronaut ics and Space A d m i n i s t r a t i o n  (NASA) c o n t r a c t o r  respons ib le  
f o r  des ign ing a p r o t o t y p e  sensor. One source conta ined I 132 mCi o f  l S 3 G d  
as o f  November 26, 1968, d i s t r i b u t e d  i n  3.139 g o f  m a t e r i a l  c o n s i s t i n g  o f  
Eu203 and Gd203. 
t h e  ra re -ea r th  oxides. 
powder i n t o  t h e  capsule. The powder was d i f f i c u l t  t o  load i n t o  t h e  cap- 
su les and small  losses occurred. Press ing r e c t a n g u l a r  p e l l e t s  from t h e  
ox ide  f o r  loading i n t o  t h e  capsule may overcome t h i s  d i f f i c u l t y .  
A t h i r d  source, c o n t a i n i n g  approximately 900 mCi of lS3Gd,  was f a b r i c a t e d  
and i s  be ing r e t a i n e d  a t  ORNL f o r  comparison purposes. 
The second source conta ined 5.5 C i  o f  153Gd i n  3.15 g o f  
Both sources were prepared by s imply  compacting t h e  
Tab le  3. D i s t r i b u t i o n  of  153Gd i n  
Source Capsule 
Gamma Ou t p  u t a  
(Counts/mi n I 
5-C i I -C i  
Pos i t i on Source Source 
I 907 39 I 
2 16,781 806 
3 19,299 2,441 
4 20 , 237 2, 056 
5 18, IO4 2,259 
6 18,380 2,053 
7 21,579 2,424 
8 19,367 3,526 
9 17,508 4,263 
I O  18,682 4,157 
/ I  17,486 4,004 
12 14,312 4, I18 
13 13,109 3,741 
14 14,253 3,195 
15 12,978 2,457 
16 5,256 965 
17 93 I 288 
4 
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a Measured th rough  a 1/16-in. c o l l i -  ment of t h e  sources and t h e  "R" meter  
U n i f o r m i t y  Measurements. I n  o r d e r  t o  
maximize t h e  gamma o u t p u t ,  it i s  nec- 
essary t o  ach ieve  a u n i f o r m  d i s t r i b u -  
t i o n  of the-153Gd o x i d e  o v e r  t h e  
l e n g t h  of  t h e  source capsule.  Mea- 
surements were made on l -  and 5-Ci 
sources t o  determine gamma o u t p u t  a t  
1/4-in. increments.  The r e s u l t s  a r e  
shown i n  Tab le  3. 
Output  Measurements. The t h r e e  
sources were measured w i t h  an "R" 
meter  t o  e s t a b l i s h  a r e l a t i o n s h i p  
between t h e  t h r e e  sources as t o  gamma 
o u t p u t .  The r e s u l t s  of  t h e s e  mea- 
surements a r e  g i v e n  below: 
R a d i a t i o n  (R /h r )  
Source 5.5 inches 1 1  inches 
I I32 mCi 1-60 0.380 
5500 mCi  7.50 2.08 
-900 m C i  I .36 0.32 
F i g u r e  7 d e p i c t s  t h e  p h y s i c a l  arrange- 
mator  a t  I /4- i n. i n t e r v a  I s. d u r i  ng t h e  measurements. The numbers 
presented a r e  t h e  a r i t h m e t i c  mean 
ORNL-DWG 69-6359 va I ues o f  severa I measurements. 
c 
I. 
" R l ~  METER There i s  a d i f f e r e n c e  o f  12% between 
t h e  r a t i o  of t h e  i n p u t  a c t i v i t i e s  and 
t h e  r a t i o  o f  t h e  gamma o u t p u t s .  T h i s  
i n c o r p o r a t e s  a number of  p o s s i b l e  
e r r o r s  and losses and i n d i c a t e s  t h a t  
improved techn iques  for e v a l u a t i n g  
r e l a t i v e  gamma o u t p u t  from l a r g e  
sources must be e s t a b l i s h e d  b e f o r e  
b a c k s c a t t e r  c a l i b r a t i o n  data can 
a c c u r a t e l y  be s c a l e d  t o  a f l i g h t  
model source. 
SUMMARY OF FUTURE WORK 
The t e c h n i q u e  f o r  p roduc ing  153Gd by 
i r r a d  i a t  i ng 152Eu has been estab- 
- l i s h e d  and can p o t e n t i a l l y  produce 
l a r g e  q u a n t i t i e s  of h i g h  p u r i t y  
samples ( I  t o  5 g )  w i l l  be i r r a d i -  
F ig*  7 *  Physical Arrangement Of ma te r ia l .  A number of smal I 
153Gd Source and "R" Meter.  
a t e d  t o  check y i e l d s  and o b t a i n  
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data r e l a t i n g  t o  f l u x  depression. Source o u t p u t  measurements w i l l  be 
continued, w i t h  emphasis on develop ing a measurement technique t h a t  w i l l  
pe rm i t  d i r e c t  measurement o f  t h e  100-keV gammas. The source f a b r i c a t i o n  
technique w i l l  be i nves t i ga ted  f u r t h e r  i n  an a t tempt  t o  s i m p l i f y  t h e  load- 
i ng  o f  t h e  capsules and improve t h e  d i s t r i b u t i o n  o f  153Gd i n  t h e  source 
t o  y i e l d  g r e a t e r  u n i f o r m i t y  over  t h e  length  o f  t h e  capsule.  
CONCLUS IONS 
Gadol in  um-153 can be prepared us ing  151Eu t a r g e t  i n  s u f f i c i e n t  quant t y  
and rad ochemical p u r i t y  t o  prepare sources use fu l  i n  atmosphere dens t y  
probes. Add i t i ona l  work i s  necessary t o  o b t a i n  p r e c i s e  c a l i b r a t i o n  mea- 
surements and backscat te r  measurements i n  va r ious  gas pressures.  F u l l -  
s c a l e  demonstrat ion o f  t h e  process i s  a l s o  necessary t o  determine cos ts  
and Time cyc les  t o  meet f u t u r e  needs i n  space probe a p p l i c a t i o n s .  
RELATED APPLICATIONS 
As a r e s u l t  o f  t h i s  i n v e s t i g a t i o n  s u f f i c i e n t  q u a n t i t i e s  o f  153Gd have 
become a v a i l a b l e  f o r  o t h e r  impor tan t  a p p l i c a t i o n s ,  and eva lua t i on  o f  these 
a p p l i c a t i o n s  i s  proceeding concur ren t l y  w i t h  t h e  pr ime work o b j e c t i v e .  
Whi le these a p p l i c a t i o n s  a r e  funded by AEC, D i v i s i o n  o f  Isotopes Develop- 
ment, t h e  j o i n t  e f f o r t  has prov ided f o r  a nondup l i ca t i ng  t y p e  o f  i n t e r -  
agency development program o f  h igh  p r o d u c t i v i t y  i n  a t ta inment  o f  program 
ob jec t i ves .  
Gadolinium-I53 has been evaluated f o r  use as a source i n  rad iog raph ic  
i nspec t i on  o f  l i g h t - w e i g h t  m a t e r i a l s  i n  t h e  automobi le indus t ry ;  app l i ca-  
t i o n s  i n  th ickness  gaging by gamma backscat te r  i n  s o l i d s  a re  a l s o  under 
i n v e s t i g a t i o n  f o r  use i n  r o u t i n e  component product ion.  
Sources o f  low-energy gamma rays  u t i  I i z i n g  153Gd a r e  under i n v e s t i g a t i o n  
f o r  medical d iagnos is  o f  lung disease. Such sources may be usefu l  i n  
reducing t h e  c o s t  and to ta l -body  r a d i a t i o n  dose now exper ienced i n  lung 
scann i ng. 
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- e  ci I6OTb X R V i  TIME 
ci 153Gd l 5 7 t  158Gd 
WHERE R= ,IN THIS 
I5*Gd 
2 -  
APPENDIX A 
io * 
5 
2 
io3 
5 
2 
io4 
5 
2 
Production of  160Tb Contaminant in 153Gd. 
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APPEND1 X B 
20 
IO 
5 
2 
1 
0.5 
0.2 
0.1 
0.0 5 
0.02 
0.01 
0 IO 20 3 0  40 5 0  
TIME (days) 
60 70 
Product ion  o f  lsjGd from 151Eu. 

19 
Gamma Energ i es ( keV) 
14 
122 
I36 
708 
APPENDIX C 
Nuclear P r o p e r t i e s  o f  57C0 
Percent Y i e I d 
8.2 
88.8 
8.8 
0.2 
H a l f - L i f e  
Type o f  Decay 
E l e c t r o n  Capture - 100% 
Produc t ion  
P roduc t i on  Rate (86-Inch ORNL Cyc lo t ron )  
25 mCi/beam-hour 
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APPENDIX D 
Nuclear  P r o p e r t i e s  of 155Eu 
Ha I f - L i  f e  
1 Type of  Decay 1 Decay Energies (keV) ' Percent  Abundance 
1 I ! 
I 40  43 
I58 32 
I87 I O  
247 15 
! 
I 
! 
i 
1 I 
! 
I @- 
! 1 I 
-~ ~~ 1 Gamma Energies (keV) Percent  Y i e l d  1 
I 
1 
60 
87 i 
I05 
40 (X-ray) 1 
I .9 
31.7 
20.2 
25 
I 
I I I 
*Recent data i n d i c a t e  t h i s  va lue  may be 5 y. 
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APPENDIX E 
‘-0 ORNL-DWG 67-13168 
0 (0 20 
Product 
30 40 50 60 70 
TIME (days) 
on o f  l s 5 E u  from ls4Srn. 
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APPENDIX F 
ORNL- DWG 69-6361 
IO2 
5 
2 
40' 
5 
2 
IO0 
5 
2 
Ci '54Eu 
TO OBTAIN VALUES OF 
lo-' Ci '55Eu - 
FOR A PARTICULAR TARGET, MULTIPLY - 
THE VALUES OF TAKEN - 
4 5 2 ~ ~  -
C i  4 5 4 E ~  5 
C i  '55Eu 
FROM THIS PLOT BY THE - 
' 5 4 ~ m  __ 
2 
70 
10-2 
0 10 20 30 40 50 60 
TIME (days) 
Production of Contami nants i n 5 5 E ~ .  
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